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Preliminary Report

Albert R. Meyer Kurt Sieber
MIT Laboratory for Computer Science

Abstract. The Store Model of Halpern-Meyer-Trakhtenbrot is shown —after suitable
repalr - to be a fully abstract model for a limited fragment of ALGOL in which procedures
do not take procedure parameters. A simple counter-example involving a parameter of
program type shows that the model is not fully abstract in general. Previous proof systems
for reasoning about procedures are typically sound for the HMT store model, so it follows
that theorems about the counter-example are independent of such proof systems. Based on
a generalization of standard cpo based models to structures called locally complete partial

orders (lepo’s), improved models and stronger proof rules are developed to handle such
examples.
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equivalence: F.3.3 [Logics and Meanings of Programs]: Studies of Program Constructs.
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functors
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1 Introduction

Some unexpected problems in the semantics and logic of block-structured local variable-
have been identified by Halpern. Meyer, and Trakhtenbrot {10.28]. The usual cpo hased
models for stores and programs do not satisfactorily model the stack discipline of hlocks-
in ALGOL-like languages. The simplest example involves a trivial block which calls &
parameterless procedure identifier P.

Example 1 The block below 1is replaceable simply by the call P.

begin

new r;

P: % P is declared elsewhere
end

It is easy to argue informally that the block in Example 1 acts the same as P. Namely.
since ALGOL-like languages mandate static scope for local variables. it follows that P hLas
no access to the local variable r, so allocating z and then deallocating it if and when the
call to P returns. can have no influence on the call to P.

A similar, slightly more interesting example illustates some of the features of the “pure”
ALGOL-like dialect we consider here.

Example 2 The block below always diverges.

begin
new r:
r:=0;
P; % P 1s declared clsewhere
if contents(z) = 0 then diverge fi
end

To verify Example 2, we note that the definition of ALGoL-like languages in [10.28] implies
that tlie call of P has side-effects on the store only. mz.. no input/output effects. and no
gnto s or other transfers of control. This is essentially the same language Reyvnolds Las

q called the “essence™ of ALGOL [22] without goto's or jumps . In particular. the only way
-{; the eall of PP in the block can fail to return is by diverging. If the call does return. they
5 ~ince the contents of r equals zero immediately before the call. static scope again implic-
v, rhiat the contents will still he zero when the call returns, so the conditional test will sueceed
o

causing divergence in any case.
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Note that these arguments implicitly presuppose that P is a call to a declared procedure.
That is. the arguments really show that if C'[] is any closed ALGOL-like program context
sueh that 1+ ix a “hole™ within the scope of a declaration of P. then C[Block 1] Lia~ exactly
the same effeet on the store as C'[P]. and likewise C'[Block 2! has exactly the same effeer
a~ CTdiverge. We sayv that the block i Example 1 and P oare observationally congruet
wir ALGOL-like contexts: likewise the block in Example 2 1< observationally congrent to

e e
Sl

Ou the other hand. if P was a call of an independently compiled “library™ program
even one originally writter. in ALGOL - which did not share the memory managemer:t
wcclianians of the ALGOL compiler used on Blocks 1 and 2. ther the call might deteet
changes on the stack of variables like r. and might even alter the contents of stack variables.
nuiking the behavior of the blocks unpredictable. Thus. we have not shown that the Block 1
s «emuarticelly equivalent to P, even when tlie values of P range only over ALGOL-like
procedures.

Indeed. the congruences of Examples 1 and 2 are not semantical equivalences in the stan-
dard denotational semantics for ALGOL-like languages using “marked” stores [12.9]. In
such semantics. Block 1 and P are ouly equivalent on stores in which the locations “ac-
cessible”™ to P are correctly marked as in use, but certainly not on incorrectly marked

STores.

The problem which motivates this paper is to provide mathematical justification for the
informal but convincing proofs of observational congruences like the two above. Following
"10]. we approach the problem by trying to construct semantical models of ALGOL-like
languages in which semantical equivalence is a good guide to observational congruence.
An ideal situation occurs when the mathematical semantics is fully abstract. i.c.. seman-
tic equivalence coincides with observational congruence. However, experience in domain
theory suggests that full abstraction is hard to achicve and may not even be appropriate
113 Indeed, if the programmming language in question suffers design weaknesses, it may
he necessary to modify the language design to match a clean semantics; this is an impor-

]
LIRS

A

tant message of 20}, for example. In this paper we describe several semantical models
wineli are fully abstract for various ALGOL-like sublanguages, though not for the full range

of Araorn-like fearres.
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I this preliminary paper. we omit a precise definition of full syitax and features of ALGOL- .
like Tangnages, expecting that the examples below will be fairly clear without formal defini-
tion. Iris helpfull as explained in [5.22.28.10.19]. to regard the “true” syntax of ALGor-like
lnnginges as the simply typed A-calculus over the base types Uiiersiie e
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denotng nemory locations, storable velues Jocation thunks. value thunks ud rouen
The cuiculus has tixed point. conditional. and other combinators sudtaile for wrer; ot ing
vue ALGoLl-like phrase constrictors such r- assionments or command soopir e Seoe
rheoretient ALGoL dialeets resoriet the o1 U irocedure types so all caiis are of 1vpe Prog.
coo rher return nothing, and exclude paraueters of tvpe Locerp wnd Vet T

Jo~tiictions have hittle effeet on our resnlis

2 The Usual Cpo Based Models

e e delsmust be compatationally vdegwate. ve they st agrece with toe o naard
S L Seantios (Copy-tiae 1 the case of ALGOL giving the compntational b g
orpletely declared progracn blocks Lnsny adequate semantios. semantic conivaione

g Lies observational congruence. The usual epo based models are satiafactory in this

ter example. a typical epo based “marked store™ model takes thie base type representing

worations 1o be Loc . the flat cpo over a countably infinite set Loc. aud the hase tyvpe of
N | . t . '

~torable values to be Valy for some set Val. Let Stores = (Lo — Val) x Puyi Loc . wiere

-8 enores the set of al! total set-theoretic functions from set A4 to set B. and PATIE Y
depsres rhie set of all finite subsets of 4. The intention is that when (¢.1n) € Stores. the
v — Loe denotes the marked locations and o(l) € Val gives the contents of location

. Lew rhe base type Valerp of value-thunks be iuterpreted as Stores— Val . partially
frcd vointwiser similarly for the base type Locerp. Let the base type Prog of progran:s

B Srore s S Stores, where B denotes the <et of all set-theoretic partial functions pinrtially
i leted uneder containment. Each of these base types is now a epo, and we interprer Ligher
v ori ke funetional types by taking the confinuous funetions. Then we may sunmarize

.

Lentrodnetory diseussion by

Lhoeorem 1 The “marked <tores” « po Lased maddl ful‘ oo ALGOL Dby /unquu_:;' PPho,

[ L

IS the lunguage Reynolds calls the “essene of ArGor” ,",‘;’2‘/, it t noto < ar
voeg o computationally adequate but not fully abstract,

vt anthont local varables. the simpler “contiunous stores™ model in which Stor. =

Loo = Va! o Valerp = Storea— Val - similarly for Locerp. and Proc = Stores-» Stor s,
ciete e denotes total continnons functions. s fally abstract after one noditicarion.
covc b redsons which will beeloar to readers familian witly 1200 o paradl ™ o0 o
' on :‘ Vo 's'.u'L - ;v’“.A ) Vi oLt L added to e }:a}}!_"liz,‘-‘. Wl e
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Theorem 2 The continwous <tore maodel for the language PROG without the new lacal
corradle declaraton and with an addotronal N -combivator is computationally adequate wnd

- ,
‘,"‘. [V bt

Note that Examnple 2 makes 1t clear thar the marked store model 15 still nor fully ahsriier
evens wirh the addinion of |Iv. Thus. Theorems 1 and 2 contirm that local varables are o
~sonree of dittealry in this approach, We remark thar althongh Theorem 1 has nearly tle
~tatis of oofolk theorem i domain theory, we know of no published proof: our own proof
tolloves e computability method applied to thie functional language PCF in :‘.NJ_‘. Our
procot of Theorem 2 again applies the results of 1207 about definability of “fuite” elemenrs
tozethier witin some folk theorems connecting Cldllxt’ s restricted ALaol-like Tnnenaee 1

237 awd hicher-order recursive function schemes 14.8],

3 Halpern-Meyer-Trakhtenbrot Store Models

[o handle Examples 1 and 2, Halpern-Mever-Trakhtenbrot proposed a formal definition
of the wupport of a function from Stores to Stores. Intuitively the support of a store
rransformation p is the set of locations which p can read or write. Iu the HMT store
model 107, Prog is taken to be the set of p with finite support. To model local variables.
the norion of support is extended to the type Loc — Prog of block bodies regarded as a
fetion of their free location identifier. The semantical space used to interpret such block
body fanerious is again restricted to be the elements in Loc ) -5 Prog with finite support.
Sinee there are an infinite munber of locations, this restriction guarantees that a location
cor be fornd whieli 1= not o the support of any given block body. Then local storage
alicearion for o block begin new r: hody end is (uniguely) determined by the rule that »
iw‘unnu!h)uuulnmnﬂu1nnrhlﬂu‘uqquwtofﬂu‘ﬁuwﬁou(hmnnw]hy,Mhhdy.

Thos the HMT model justifies the conclnsion that Block 2 diverge~: if I denotes some
~tare svicstormation p € Prog. then any location [ € support(p) can he bound to o, This
proves divergence of the block. because po by definition  caunot chiange the contents of

]H".’ *i'lf;\ rmhi«'w ifs .\HI)])UI'Y,

The detivanion of support for block body functions requires another ingredient: locations
which arve “recosnized” by the block body  even if they are neither read nor written --must
I "uI:'.Hrfi i Y}u‘ \u[)])()rr r)f T]l(' ])I()(‘]\‘ ])()(1}’. Tll\l.\‘ﬁ
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Example 3 The blocks
begin new r: new y: r:=0: y:=0: Q(r.y) end

anid

beginnew z; new y: r:=0: y :=0: Qry.r) end
are HMT rquivalent.

The argument for equivalence of the blocks goes briefly as follows. Let ¢ € (Loc, >
Loc ;1= Prog be the meaning of the procedure identifier Q. The definition of loci] viriable
allocation in the HMT model implies that r and y can he bound in the hody of eitlie:
block to distinet locations ;. I, & support(q). By definition of support. ¢ cannor recoonis
loeations not in its support, treating them in a uniform way (cf Appendix A ~o the
store transformations g(l;.1,) and g({,.1,) agree on all stores » with (V= (/1 whow
restricrions to support(q)U{l;,1,} are the same. Since contcnts(l) = contentsi/ - = U
when the block bodies begin execution-—and stack discipline specifies that the conrenrs
are restored to their original value< on deallocation- it follows that both blocks detine the
~ame store rransformation as q({;.l,) restricted to support(q).

The HMT store model was claimed to be computationally adequate. but not necessanly
fully abstract. Its successful handling of Examples 1-3 is a consequence of the followiny
general result about the “first-order” ALGOL-like sublanguage without gota’s and jumps.
in which procedure parameters are restricted to be of type Val and Loc (essentially the
langnuage considered in [6]).

Theorem 3 The HMT store model 13 computationally adequate for all ALGOL-Vke lan-
quaqe fratures other than goto's and jumps. It 1s fully abstract wrt to the “first-order”
<ihluaquage unth an additional ||V -combinator.

We remark here that we have been generous in our references to the HMT store mioded
Ceserthed in (101 since in fact the construction sketchied there contains a serjous technicon
crror noted independently by the second aunthor and A. Stoughton. In Appendin A we
repint this error, and moreover develop a methodology for constructing improved wadel
hasced on the notion of locally complete partial orders (Iepo’s). Thus, Theorem 3 vefers 1o
the corrected HNIT store model,

We pow constder some second-order examples.

Example 4 The block below always diverges.

6
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- begin )
2 new r: new y.
:: procedure Tuice: begin y := 2 * contents(y) end:
¥ ri=0;y:=0:
= Q( Twice); % Q is declarcd elscwhere
’ if contents(r) = 0 then diverge fi ,
- end
-
':. Two additional reasoning principles about support which hold in the HNT-model («f.
; Appendix A arise in handling this example. First, in reasoning about program text in
N the scope of a local variable declaration new r. we may assume that the value of r is
N any convenient location not in the support of (the values of) each of the free identifiers
: in the scope of the declaration. Second. we always have support(Q(P)) C support(P) U
o) support(Q). Now clearly, support( Twice) = {y}. Since r is free in the scope of the new y
; declaration. the first principle applied to y implies that = and y denote different locations.
- so x & support{ Twice). Since Q is free, r & support(Q). By the second principle. we may
::: now assume r & support(Q(Twice)). Hence, vre may reason about the call Q( Twice) in
_, Example 4 exactly as we did for the call P in divergent block of Example 2.
. Unfortunately the HMT model does not handle all examples with second-order procedures.
as the following elegant counter-example pointed out to us by A. Stoughton makes clear:
Y
M
,\: Example 5 The block below always diverges.
N
begin
o, new ur:
3 procedure Add_2 : % Add_2 is the ability to add 2 to «
: begin r := contents(z) + 2 end
j ro= 0
9 QUAdd_2); % Q 1s declared elsewhere
:}. if contents(r) mod 2 = 0 then diverge fi
% end
; The block in Example 5 does not diverge identically in HMT because Q might denote an

. cletent ¢ € Prog < Prog such that ¢(p) is a program which sets to one all locations writable

” by po Suchia g exists in the HMT model because it is continuous (in the HMT sense. cf.

Appendix A) and has empty support. However, Block 5 12 observationally equivalent

. to diverge: (Q hias no independent access to the local variable z, so the only ability the
Cd | . . - . . .

P procram QUAdd _2) has relative to @ is the ability to increment its contents by two. Since

o
L4
] {
o
W
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P contentsir) is an even integer, namely zero. bhefore execution of this progran. it will «till

be even if and when the program terminates. so the conditional test will suceeed and cinse

k‘.\ .
e divergence. Thus we have
LA
o
- . . . . .
A% Lemma 1 DBlock 5 13 observationally congruent to diverqe. but not equal to diverge 10 the

-

)

HMT atore model.
Hexiee:

Theorem 4 The HMT model 15 not fully abstract even for PRoG programs whose proce -
dure calls take parameters only of program type.

Tl failure of full abstraction for the HMT store model is particularly interesting precisely
hecanse the model is a good one. In particular. the various rules and systems proposed
in the literature for reasoning about procedures in ALGOL-like languages are all sound for
rhe HMT model (insofar as they are sound at all, ¢f {14}, It follows that the divergence
of Block 5 (and perhaps Block 4 too) is independent of the theorems provable from othier
proof systems in the literature including [28,10,25,17,16.11,24]. Reynolds’ specification
'oeie [21.23] is shown in [26,27] to be intuitionistically sound using a functor category
se1antics: it 1s not yet clear how the semantics and logic of [27] handles these examples.

4 The Invariant-Preserving Model

[ crder to handle Example 5 we must know that every procedure Q of type Prog— Prog
prescrres invariants outside its support. This is expressed precisely Ly the following rea-
soning principle :

Let @ be of type Prog— Prog and P of type Prog. Let r he a property of
~tores such that support(r)Neupport(Q) = . If r is an invariant of P, then »
i~ also an invariant of Q(P).

[hi- principle implies divergence of Block 5 because. letting » be detined by formmls
contrntzir)mod 2 = 0. we see that support(r) = {z} and r is an invariant of 4JJd 2.
[1~ide the block we may assume that o € support(Q). and so the principle implies that »
1% also an invariant of Q(Add_2). Thus. the conditional test following the ecall Q(Add 2.
will sneeeed leading to divergence.

Ihie abive reasoning principle is valid in the Invariant-Preserviug model (¢f. Appendis A,

Actnally all the previous examples are handled snceessfally by this model as a consegenee
ot the following general result.
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An ArcoL-like term s said to be cloced it its oulyv free identifiers are of type Loco A
N semantics 1s satd to be half-fully abstract for a language 1 scmantic equality bhetween twao
A . L . .
o terms, one of which s closed. coincides with observationa congriuence,
¢
- Detne the tascar-like sublenguage by the condition that procedure parimerers are ve-
\‘ . r ) - y . .
<y <tricred to he of twpe Val. Loe.,or Val™ x Loe™ ——*P‘/'u_(/ I(’.\’\‘t'ntlnll‘\' the lhllmm(_[c* constdered
Sy e g

o mo 1000
o 1
r o R . .
Ao Uheovem 5 The Invariant-Preserereg Modol s computationally adequate for the full raege 1

]
27l

LI §
Al
y

of Nvaot-hkclanguage features, Wath an odditional v -combinator, ot 1 folly abstract for

4

. ' - i ' ~ , Lo v T
coirsteorder T s anguage and s dalf-fully abstract wrt to the PASCAL-Sc sublcngaagr

Sice Exicuple O oinvolves observational congruence to a closed rerm which idenrically

Goocveess the Invartant-Preserving Model handles it as well as the following slightly more

~opiisticated variant. (Note that the test = = o beiow indicates equality of locations.
rathier than their contents.)

.f““.v'-.“'- AP Lo

Example 6 The block

s

.

begin

new .r:
procedure AlmostAdd_2(z):
begin if - = r then v :=1 else r := contents(xr) + 2 fi end:
£oo= 0
PiAbnostAdd_2):
if contente(r)mod 2 =0 then direrge fi
end

i !If‘{l s (/Jvt'f, Tije s,

The follewing example illnstrates failure of full abstraction in the Invariant-Preserving

Model:

Example T The block

begin new o; procedure Add_ 1. begins := contents(r) + 1 end: P(Add_1)end

. ‘;‘ ).\ o b S

s ohservationally congruent to the block

ek
T

beginnew o procedure Add _2: begine = contents(r) + 2end: P(Add_2) end

y{ft. :

L o N W
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. Tie tdea is that sinee P Las no independent access to s and stnee Trs aetnad parin o
l i Examole 7 do not cnable Poto read contentarg the procedure calls PrAdd 7 s
; !

.

]

244020 dider only in their effect on oo Since s dealiocared on bloels exiro the v

Liocis are observationally equivalent. Neverrheless,

Lemma 2 The pascal-Lke blocks on Erample 7 are ohservationally congracnt oy oo
sovontieal by equavalent i the Invariant-Preseriomyg Moddl.

- >y e,y
N — A

’

.
,

Pl
/

111 stronger proof principles thau preservation of invars s are needed o torml o

s lasr observational congruence argument. The reader may care to mvenr one,

5 Conclusion

We Lave seena series of simple examples illustrating how to reason about block srrerned
nrvcnes. Most of these principles have never been stated in the literature. let alone ooy
Sromed <ot To establish soundness we constructed a series of models for ALcorn-iike
cveees. The formal machinery for constructing the models hased on lepo’s is skereliod
to Appendin AL Tt merits detailed discussion which we hiave had to forego here. The hest

o e odels s still nor fully abstract for PAscaL-like sublangnages. but we are working

oo coproof that oy methods will extend to this caze. We see no reason why our approach
~hondd not extend to the full range of ALGOL-like feutures, but it would be premature to f
covdectare that full abstraction can be achieved this way.

Ole- aned Revnolds [22.18.10) have also developed models of ALGOL-like languages using a
coarccorical framework. They do not consider comprurational adeqgnuacy or fall abstraction
i~ onpuicit 1ssues, Tennent has informed us i private communication that lis version

N

27 o ele Reviolds-Oles functor category semantics correctly handles Examples 1 and 2

P

Lo coraparison bhetween their approach and onrs Lias ver ro be worked out. Actnally om
Concicl can also be seen from o category theoretie viewpomt  an lepo is a funetor fromn

Coialy cndered index set to the category of epo'ssand the locally continmons finerions
teosinaaar to but not exactly, narnral rransformations hetween suel funcrors bar i
cocbave not fonnd this viewpoimnt advantaceons,
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A Appendix. Locally Complete CPO Models

s
(NN

Forepo’s A0 B0 we write 4 a B to ndicate that A4 1s a strict sub-cpo of B 1e.. 4 15 a
sub-cpo of B and gy e A

TRt »
A 2SS0
. L e

Definition 1 Let (1. < be a divected set. An I-lepo 18 a partially ordered set D = |

Acl

;‘_._ wott o east element Ly where D orestricted to D, 13 a cpo. and D; a4 D, whkenever 1 < .
L [r tollows from this definition that Lp, = Lp for every 1 € 1.
o

Definition 2 Let D and E be [-lcpo’s. For f: D-SE. let f, denate the restriction of f to

' D.. and define
<L (DSE), = {f: DSE | f, € D,SE, for all j > i}.

]
L

Then DSE = Uer! D—livE), 12 called the set of locally continuous functions from D to E.

19

Lemmma 3 DSE, partially ordered pointwise, 18 an I-lcpo.

" A@

RO

Lemuna 4 Every locally continuous function on an I-lepo D has a least fired point. which
13 characterized as usual.

Definition 3 Let D be an I-lecpo and ¢ € I. An n-ary relation R an D s called i-
admissible, of R{d. ..., d) holds for every d € D;, and the restriction of R to the cpo D} is
admissible for every j € I.

Definition 4 A tag sct over I 18 a set IV such that every k € K has an associated number
1y 2 1o and downward closed set. doun{k) C I.

Definition 5 Let IV be a tag set over I. A K -relationally structured I-lepo (short: (I.K)-
repo) s an [-lepo D wnth, for cach k € K. an ng-ary relation Ry on D. such that R, 1s
t-cdmissiole for every i € down( k).

For B2 D".S C E" welet R — S denote the lifted relation on D-5SE defined by
(R — S)ifi.. ... For Aff Ydy L dp. R(dy.....dn) =% S(fi(dy), ...\ fulda)).

Definition 6 Let DOF be (I.I)-rcpo’s. For every i define
LEL = {fe(DEE) [(RP - REYf..... f) whencver i € down (k).

Iion DAE = Ui )(DASE), s called the set of relation preserving functions from D to E.

13
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Lemma 5 D3BE, partially ordered pointwise and N-relationally structured by the -

rp
strictions of ) the lifted relutions R(k.DdE) = (RP — RE), is an (I.IV)-rcpo.

Theorem 6 The category (I, K)-RCPO. whose objects are (I. I\ )-rcpo's and whase 1ar-
phisma are relation preserving functions. is Cartesian closed. Hence. if every grownd #yp
i interpreted as an (I, K)-repo. and D77 s defined inductively to be DD thew

{D"} i2 a model of the simply typed A-calculus. In this modcl. the meaning of any pure ‘
A-term of type T 1s contained in D] for all i. Hence therc is a lcast fired point operotor |

for cach type T, which is contained in DU for all 4. :

|
Lemma 6 Let {D7} be an rcpo-model as in Theorem 6. Then Ri(d..... dy holds for all \
d € D] whenever i € down(k), and if 1,7 < h. then D7 (D7) C Dy? for all types 7. 7). 1

A first application of Theorem 6 leads to a repaired version of the Halpern-NMeyer-Traklitenbrot
model. Namely. let Perm(Loc) be the set of strict permutations p : Loc, ~Loc_. and
for every g € Perm(Loc), let Fiz(u) denote the set of fixed points of u. Furtlier let

B t . .
Stores = Loc—Val, and for every L C Loc. let =; be the binary relation on Storcs;
detined by

~, =7 39 SIZ.LZSQV(&'I9‘-‘.1_#52/\\7261.. b](l)'—‘bg([))

Definition 7 Let I = Pgo(Loc). Let N = Perm(Loc). and for every € K. let 1, = 2

and downi{yy = {L | L C Fiz(p)}. Then the HMT Store NModel is defined by ground type

1/‘1141 ‘x

D = Val,,

D = LuU{liel}

D! = {f: Stores Valy | Vsy.sq. 81 =1 53 = f(s1) = fls,)}.

D,’ v = {f: StoresSLocy | (Vs. f(s) € LU{ L }) A Vsiosy sy =1 2= fls) = f(s2)).
D" = {f: StoresStores, | (Vs. f(s) # L = s =0 f(5)) A

Vi, 80, 8) = 8 = f(b'l) =L f(-*'z)}i

velateanally structured by

R:""(vl, vy ) ff vp= ey
REec(ly, 1) ff  w(l) =10,
RV (fi fo)  iff Vs filsopu, = fals)
REv(fy o) iff Vs, fils o) = p( o)),
wag(fl-fz) ff Vs filsop) = fals)op
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By Theorem 6 this defines a model of the simply typed A-calculus. It turns out that for
every element d € D7 there is a smallest set L such that d € D]. This set L is called the
support of d. Theorem 6 then implies that all pure A-terms have meanings with empty
support and Lemma 6 implies that support(di(d;)) C support(dy) U support(d,) always
holds.

The definition of the model captures several aspects of support mentioned earlier. In
particular for every element d of type 7 in the model, R} (d. d) holds by Lemma 6 whenever
support(d) C Fiz(u). This expresses the “uniformity” of d on locations outside its support,
which was important in Example 3 and is crucial for defining the semantics of the New
combinator.

Finally, the “intended” interpretations, namely, interpretations which guarantee compu-
tational adequacy, must be proved to exist in the model for all the ALGOL constants. An
example is the combinator Assign of type Loc— Valezp— Prog, for interpreting assign-
ment. whose intended meaning is the function

asszgn(l)(f)(s) { "’[f(s)/” lfl#L,f(S)#.L,

1 otherwise.

It follows from the definitions that assign € DL“—'V"I"’"'PW, in particular, it has empty

support-—as do all the necessary combinators. So we can define [Assign) = assign in the
model.

The combinator which causes the main semantical problem is New of type (Loc — Prog)— Prog
used to explain the semantics of block structure by translation into A-calculus:

Translation(begin new r; Cmd end) ::= (New (Az: Loc. Translation(Cmd)))

The definition of [New] follows [10]; we omit the details here. This completes our summary
of the HMT semantics.

Proof Sketch for full abstraction part of Theorem 3: Adapt the ideas of [20] to
locally continuous models. Every element of a local cpo D] (where 7 is first-order) is the
Inb of a directed set of finite elements in D], and these finite elements are definable by
closed ALGOL-like terms. Local continuity then implies that two semantically different
phrases can be distinguished by choosing definable objects for their free procedures. This
ueans that they can be distinguished by a program context. O

A further spplication of Theorem 6 leads to the Invariant-Preserving Model. For every
L C Loc. let Pred(L) be the set of predicates on stcres which only depend on L. namely

Pred(L) = {r: Stnre.e—'»{true, false} | Vsy,8; € Stores. 3y = s, = (w{s)) = 7(s2))}.
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Definition 8 Let I = Pga(Loc) and K = Perm(Loc)U{(L.II) | L € I and 11 C PrediL1}.
Fore N oletn, =2 and down(u)
AR L. et nam = 1 and dO’wTL(LQH) =

Nl s then defined by the same ground type lepo's as the HMT woddl. relatianally
<! ! r,,f f‘,‘r/

i as in Def 7. for all ground types ~.

1'/ .j; n /,"/r ] E L

Lo 7*} Ve (m(sAf(s) £ L) = ﬁ(f(~)) Los ceery = €11 s an invariant of /'
i = true. for the other ground types ~.

Ao we get @ model of the simply typed A-caleulus, in which all ALGOL coustants cin be

+

oo their intended interpretations and in which support(d) can be defined as the sinaliost
I pr .
<t [ such that d € Dj. It has the additional property that R[ () holds whenever

L~ «upportid) = {). A particular instance of this property is:
Let g be of type Prog— Prog and f of type Prog. If = € Pred(Loc -
<ipport(q)) is an invariant of f. then = is also an invariant of g( f).
Vi~ s the reasoning principle which we have applied to Exampic 5
W. o ot onlv half-full abstraction in Theorem 5 because, in contrast to the first-order

Claguage. an clement d € D (where 7 1s @ PASCAL procedure type) is not necessarily

.t an Inb of definable elements in D] but is only bounded above by such an Jub.

Cambridge. Massachusetts, USA
October 20, 1987
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={L|LC Fiz(p)} as n the HMT model (Def 7). For
{L"| LN L' = @}. The Invariant-Preserving




Director

Information Processing Technigues Office
Defense Advanced Research Projects Agency

1400 Wilson Boulevard
Arlington, VA 22209

Office of Naval Research

800 North Quincy Street
Arlington, VA 22217

Attn: Dr. R. Grafton, Code 433

Director, Code 2627
Naval Research Laboratory
washington, DC 20375

Defense Technical Information Center
Cameron Station
Alexandria, VA 22314

National Science Foundation
ffice of Computinag Activities
1800 G. Street, N.W.

Washington, DC 20550

Attn: Program Director

Dr. E.B. Royce, Code 38
Head, Research Department
Naval Weapons Center
China Lake, CA 93555

Dr. G. Hooper, USNR
NAVDAC-00H

Department of the Navy
wWashington, DC 20374

OFFICIAL DISTRIBUTION LIST

2 Copies

2 Copies

6 Copies

12 Copies

2 Copies

1 Copy

1 Copy

MISE_ AR IO T T -\vT




[ d

AN

.

-

’ &

P

c.-

o= A ,‘.
AP S [N Ll

LLE N RN YU LA S,

-
o .
-

="

oy © | ° ® o ® ® ] o

¥
)
a

" Bty
> N LY L SN
. 2t
AR | RN R -".t‘l":"ft“.o‘ﬂ?:.",s:'.::\fn'-..‘tf:'l‘.:":‘s.:'-‘. o

Y N TN I TR T U T OUTWIEOTR T TR TIOUOTTT T RETEITRETEFTEAT VT ETRTE O ITITETE TAaTYTITY AR TRAARETEOEARNRAETRETROATAREETAN A LS Y

'-)N"‘-f x

P
14

>
EN
]

1“
I. *
.
.
«

X -{3 4
S

f e TPy W 3
NN *}..-"_f‘.l‘:‘sfl. ‘f',_
LA P e
,"'- 9'." ;l"}
RRASS A2 0t h

e JA 8. N v'l-"" L dTaY iRl t" ™ YL W R’ ¥ % R
N r‘;ﬁ.,-‘w*h-* A \s oy R

4 ) Y SO0
VRTINS AN '!,',-. ":':.‘:,\. QO



